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Abstract 
In this study, we conducted three dimensional observation of the fatigue crack propagation in the spot welded joints 
using the high strength steel in order to consider their fatigue characteristics. As this result, their fatigue crack 
indicated almost the same behaviour nevertheless the stress level. And, many cyclic loading were required to initiate 
the fatigue crack in large part of the life. Therefore, we suggested it is enabled to evaluate fatigue characteristics 
using the same criterion in any stress level under the constant stress amplitude. Moreover, we carried out fatigue tests 
under variable amplitude loading conditions to investigate the influence of load variation on fatigue properties of the 
spot welded joints since actual automobiles have been taken varying loading. Then, the fatigue limit of the spot 
welded joints was vanished under variable loading conditions. Furthermore, we cleared that the fatigue life of the spot 
welded joints could be evaluated using a modified Miner’s law. 
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1. Introduction 
Recently, technologies which can reduce the environmental impact have been developed in each 
industrial fields involved with the deterioration of the global environment. In automobile industries, it has 
been discussed about application of the high strength steel to the automobile body for the fuel economy 
involved with lightening of the automobile. However, it has not been adopted widely because the fatigue 
strength on the spot welded structure using the high strength steel is not improved compared with that 
using the conventional steel [1]. Moreover, the cost reduction, efficiency of the productivity and 
manufacturing with the energy conservation is the important task in automobile industry. For solving 
 
* Corresponding author. Tel.: +81-82-424-4420; fax: +81-82-424-7538. 
E-mail address: d104538@hiroshima-u.ac.jp 
doi:10.1016/j.proeng.2011.04.561
Procedia Engineering 10 (2011) 3405–3410
Available online at www.sciencedirect.com
1877-7058 © 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
M(F3=:D9653J=D6G:6C$E5	
+6=64E:@?2?5
@CA66CC6G:6HF?56CC6DA@?D:3:=:EJ@7!%
Open access under CC BY-NC-ND license.
3406  Ryota Tanegashima et al. / Procedia Engineering 10 (2011) 3405–3410
these problems, it is a kind of useful technology to reduce welded spots conducted about 4000 ~ 5000 in a 
car. Furthermore, for retaining strength reliability of the welded structure, it is necessary to establish the 
optimized number and arrangement of welded spots. Many researchers have reported about fatigue 
properties of the spot welded joints. However, most of them is related the fatigue life estimation [2], [3].  
It is very important to clear the fatigue fracture mechanism based on the behavior of the inner fatigue 
crack propagation in the spot welded joints in order to resolve the problem mentioned above. Moreover, 
few examples which are examined under the random loading condition are reported though the practical 
automobile is taken the variable loading. In this study, we conducted fatigue tests under the constant 
stress amplitude condition and observed the three dimensional inner fatigue crack propagation using the 
spot welded joints whose base metal is cold rolled high strength steel in order to clear the fatigue fracture 
mechanism. Furthermore, fatigue tests were carried out under the repeated two step loading condition to 
examine the influence of the load variation on fatigue strength of the spot welded joints. 
2. Specimen and Experimental Method  
Cold rolled high strength steel JIS SPFC590Y which has the low yield ratio was used as the base metal 
in this study. Then, their thickness was 0.8mm. Table1 shows the chemical composition of this material. 
And, Table2 shows mechanical properties of this material. After being machined into the shape shown in 
Fig.1, two thin steel sheets were conducted the spot welding. The spot welding conditions were unified so 
that the each diameter of the nugget which is the welded area of spot was 4.8mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Testing results and discussion 
3.1. Fatigue test results and fracture morphologies 
Figure 2 shows the result of fatigue tests. We used the nominal shear stress which was the divided load 
by the area of the nugget in the vertical axis because specimens used in this study were taken the shear 
cyclic loading at the welded spot mainly.  
As this result, this specimen had the fatigue limit of which was 35MPa. As the static tensile test of the 
spot welded joints, they indicated the tensile strength of 482 MPa. Then, it was the very low value 
compared with the tensile strength of the base metal (σB = 612MPa), and that of the spot welded joints (τB 
= 482MPa) mentioned above. 
Paying attention to the macroscopic fracture morphology about the all fractured specimens, they had the 
obvious stress dependency shown in Fig.3 schematically. In the high stress level, the fatigue crack 
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propagated around the welded spot after it went through the surface at the point (a). Then, the specimen 
was fractured statically after the fatigue crack reached at point (b). On the other hand, in the low stress 
level, the fatigue crack which had grown from point (a) to (c) to the width direction after it penetrated into 
the surface at the point (a). Then, the specimen was fractured statically after the fatigue crack reached at 
point (d). We referred to the former as the button fracture and the latter as the base metal fracture. Figure 
4 shows the result of the macroscopic observation in each fracture morphology. Fig.4 (c) shows the 
fracture morphology in the medium stress level. That is the intermingled fracture type of both fracture 
morphologies. We referred to this fracture morphology as the mixture fracture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2. Button fracture 
3.2.1. Three dimensional fatigue crack propagation 
We have investigated about the fatigue crack propagation conducting the macroscopic observation. 
However, the fatigue crack initiation and propagation should be observed three dimensionally for the 
detailed consideration because their behavior appeared at the interface between two thin steels in the 
specimen. Therefore, we carried out the three dimensional observation of the small fatigue crack initiated 
at welded spot using the following procedure. Firstly, we cut out the area included welded spot when the 
fatigue test was interrupted at the x% cyclic number for the whole fracture life. We obtained observed 
result at the cross section using the optical microscope after the sample covered with the resin was 
polished and corroded. Grinding the sample by approximately 0.2mm toward the width direction, we 
obtained the observation image using the same procedure mentioned above. Using about twenty fives 
observation images at the cross section, the three dimensional fatigue crack propagation was produced by 
the three dimensional graphics software. Three dimensional observation of the fatigue crack propagation 
was conducted under the shear stress of 100MPa in the button fracture. Then, we used the 12,343 cycles 
which is the longest fracture life in the stress level as the cyclic number to failure. Figure 5 shows three 
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dimensional morphologies of the fatigue crack obtained in each observation result at the cross section. On 
N/Nf=60%, the fatigue crack which initiated at the edge of the slit propagated with approximately 0.2mm 
toward thickness direction. By the way, there was no fatigue crack near the welded spot on N/Nf=50%. 
This fact implies that specimen used in this study requires many cyclic loading to initiate the fatigue crack 
in the high stress level. As increasing the cyclic loading, the fatigue crack grew to the thickness direction 
gradually after the initiation of that. Then, it was preferential to propagate the fatigue crack at the center 
of the welded spot in the loading direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.2. Local strain behavior around the welded spot 
In order to consider the inner crack propagation using the strain behavior near the welded spot, we 
measured changes of the local strain value taken the cyclic loading near the welded spot using the strain 
gauge. Figure 6 shows the result of the strain behavior in the button fracture. We indicate the maximum, 
minimum strain and the strain range which is the difference between them. It is thought that the strain 
behavior near the welded spot changes when the fatigue crack initiated. Therefore, noticing to the strain 
range in Fig.6, it increased gradually in the approximately 60% cyclic number of the fracture life. This 
result is the same in the result of three dimensional observations. That is to say, their experimental result 
implies that spot welded joints used in this study is required the many cyclic loading to initiate the fatigue 
crack in the high stress level. 
3.3. Base metal fracture 
3.3.1. Three dimensional fatigue crack propagation 
The three dimensional observation of the fatigue crack propagation in the base metal fracture was 
conducted using the same way mentioned above. τa=40 MPa was selected as the stress level to conducted 
that observation in the base metal fracture. Then, we used the 697,510 cycles which is the longest 
fracture life in the stress level as the cyclic number to failure. Following the fatigue crack propagation 
after their initiation, the fatigue crack propagated about 0.1mm around the one side of welded spot toward 
the thickness direction on N/Nf=52% (Fig.7(a)). Then, initiating the fatigue crack is considered to require 
many cyclic loadings in the low stress level because the fatigue crack was not observed on N/Nf=45%. We 
observed the fatigue crack propagation toward the thickness direction with the increase of the cyclic 
loading (Fig.7 (b), (c), (d)). However, the fatigue crack in the base metal fracture tended to propagate 
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Fig.5 3-D morphologies of the fatigue crack propagation
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preferentially at the circumferential welded spot on the one side different from the button fracture 
mentioned above. 
 
3.3.2. Local strain behavior around the welded spot 
Figure 8 shows the strain behavior near the welded spot in the base metal fracture. Noticing the strain 
range in Fig.8, we can find the increase the value of the strain range on the approximately 60% cyclic 
number of the fracture life. Considering the result of the three dimensional observation mentioned above, 
the initiated life of the fatigue crack required the many cyclic loading in the case of the base metal 
fracture. Then, this result was similar to that of the button fracture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4. Fatigue characteristics under the variable loading condition 
 In this study, fatigue tests were carried out under the repeated two-step loading conditions which were 
included in the stress level above and below the fatigue limit in order to consider the effect of the load 
variation on fatigue characteristics of the spot welded joints. From results of the fatigue tests, it was 
considered about cumulative damage value of DM based on Minre’s rule which accounted the damage 
caused by the stress level above the fatigue limit and that of DMM base on modified Miner’s rule which 
accounted the damage caused by the stress level above and below the fatigue limit. From result of Table 3, 
the greater the stress level of τL was, the greater the difference between DM and DMM was though it was 
proper that result of DMM was greater than that of DM. Therefore, the stress level τL below the fatigue limit 
also gave damage to the spot welded joints under the variable loading condition. Then, the fatigue limit of 
the spot welded joints was found to be vanished. These results imply that estimation of the fatigue life 
based on Miner’s rule will give the un-conservative prediction. 
 Next, in order to consider the validity of the evaluation using the modified Miner’s rule on the life 
prediction of the spot welded joints, we examined about the rate of damage caused by τL. We referred this 
rate as α. And, α is given by equation (1). In equation (1), NL and NH indicate the estimated number of 
cycles to failure obtained from the regression curve under the constant stress amplitude condition. 
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Fig.7 3-D morphologies of the fatigue crack propagation
around the welded spot. (Base metal fracture, unit: mm)
Fig.8 Local strain behavior around the welded spot.
(Base metal fracture, τa = 40 MPa)
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 In the case of the combination with the low τL, they hardly gave the damage to the spot welded joints. 
Therefore, most of damage which acts to the spot welded joints is caused by τH. Then, we thought the 
result of DMM in the case of the combination with low τL scattered because the scatter of the fatigue life in 
the stress level above the fatigue limit affected them.  
 On the other hand, the result of DMM indicated near unity when α indicated near 50%. Since the damage 
caused by τL is evaluated properly in that combination, these results imply that the modified Miner’s rule 
is appropriate on the life prediction of the spot welded joints. 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusions 
In this study, we conducted the experimental consideration about the fatigue fracture mechanism of the 
spot welded joints using the high strength steel, noticing the inner crack propagation. Furthermore, fatigue 
properties under the variable loading condition were examined from the practical point of view. Based on 
the results, the following conclusions can be drawn; 
 
(1) The specimen used for this study had fatigue limit of 35 MPa, which is a very low value compared 
with the tensile strength of the base metal (σB=612 MPa) and that of the spot-welded joints (τB=482 MPa). 
(2) Stress dependence on macroscopic fracture morphologies was clearly apparent. That is to say, the 
button fracture occurred at the high stress level and the base metal fracture occurred at the low stress 
level. 
(3) Spot welded joints used for this study require many fatigue cycles over their whole life to initiate 
fatigue cracks around the spot area independently of the stress level. 
(4) The fatigue limit of the spot welded joints was vanished under the variable loading condition. 
Furthermore, the modified Miner’s rule had the validity on the fatigue life prediction though evaluation of 
the fatigue life based on Miner’s rule gave the un-conservative one. 
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